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Human Bub1 Defines the Persistent
Cohesion Site along the Mitotic Chromosome
by Affecting Shugoshin Localization
human Sgo1 in rabbits (Sgo1 corresponds to the protein
Sgo, recently studied [10], and Q9BVA8 in the database
[2]). The obtained antibodies detected an70 kDa band
(predicted molecular mass is 60 kDa) in HeLa cell ex-
tracts, and the signal was significantly reduced when
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mRNA (Figure 1A). We next examined the intracellularJapan
2Solution Oriented Research for Science localization of human Sgo1 by immunostaining HeLa
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phase and remainedpresent until metaphase. The signalYayoi, Tokyo 113-0032
Japan decreased significantly at the onset of anaphase and
completely disappeared by telophase (Figure 1B). These3Division of Oncology
Department of Cancer Biology signals were abolished in cells treated with Sgo1 siRNA
(see Figure S1 in the Supplemental Data available withInstitute of Medical Science
University of Tokyo this article online), confirming that the immunostained
signals originated from endogenous Sgo1 rather thanShirokanedai, Tokyo 108-8639
Japan from crossreacting proteins. The localization pattern of
human Sgo1 is similar, but not identical, to that recently
reported for Xenopus shugoshin in mitotic cells [10].
Counterstaining with an antibody against CENP-A, aSummary
variant of histone H3 known to localize at kinetochores,
revealed that most Sgo1 localizes at the region betweenShugoshin (Sgo) proteins constitute a conserved protein
family defined as centromeric protectors of Rec8-con- paired CENP-A signals at metaphase, during which the
sister kinetochores are pulled outwards by spindle mi-taining cohesin complexes inmeiosis [1–4]. In vertebrate
mitosis, Scc1/Rad21-containing cohesin complexes are crotubules, a process that stretches the centromeric
regions (Figure 1C, lower panel). This result suggestsalso protected at centromeres because arm cohesin,
but not centromeric cohesin, is largely dissociated in that human Sgo1 localizes mainly at the inner centro-
mere. To examine this possibility more thoroughly, wepro- and prometaphase [5, 6]. The dissociation pro-
cess is dependent on the activity of polo-like kinase costained Aurora B, a chromosomal passenger protein
known to localize at the inner centromere from mitotic(Plk1) and partly dependent on Aurora B [7–9]. Re-
cently, it has been demonstrated that vertebrate shu- prophase to metaphase. The locations of Sgo1 and Au-
rora B were virtually identical in prometa- and meta-goshin is required for preserving centromeric cohe-
sion duringmitosis [10]; however, it wasnot addressed phase (Figure 1D), indicating that human Sgo1 indeed
localizes to the inner centromere. S. pombe Sgo1 iswhether human shugoshin protects cohesin itself.
Here, we show that the persistence of human Scc1 at found in pericentromeric heterochromatin regions,
which correspond structurally to the mammalian innercentromeres inmitosis is indeed dependent on human
Sgo1. In fission yeast, Sgo localization depends on centromere [2, 3], and Drosophila MEI-S332 also local-
izes in the vicinity of pericentromeric regions [11, 12].Bub1, a conserved spindle checkpoint protein, which
is enigmatically also required for chromosome con- These are also the regions where cohesin is most
gression during prometaphase in vertebrate cells. We strongly enriched [13, 14], promoting the idea that Sgo
demonstrate that human Sgo1 fails to localize at cen- might directly protect cohesin at centromeres and
tromeres in Bub1-repressed cells, and centromeric thereby centromeric cohesion.
cohesion is significantly loosened. Remarkably, in
these cells, Sgo1 relocates to chromosomes all along
Sgo1 Is Required for the Protection of Cohesintheir length and provokes ectopic protection from dis-
Scc1 from Prophase Dissociationsociation of Scc1 on chromosome arms. These results
In order to address the state of sister chromatid cohe-reveal a hitherto concealed role for human Bub1 in
sion in the absence of Sgo1, we collected mitotic cellsdefining the persistent cohesion site of mitotic chro-
after RNAi and spread the chromosomes to observemosomes.
their structure. In control mitotic cells, sister chromatids
were loosely associated along the arm regions butResults and Discussion
showed the primary constriction at centromeres (Figure
2Ai), which presumably represents tight centromeric co-Human Shugoshin Sgo1 Localizes at Inner
hesion [9]. When the cells were arrested at prometa-Centromeres during Mitosis
phase by treatment with nocodazole, the chromosomeInorder todetect endogenous shugoshin in human cells,
we raised polyclonal antibodies against recombinant arms separated completely, and sister chromatids were
connected only at the centromeres, forming the typical
“X-shaped” chromosomes (Figure 2B, control). In Sgo1-*Correspondence: ywatanab@iam.u-tokyo.ac.jp
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Figure 1. Human Sgo1 Is Expressed in Proliferating HeLa Cells
(A) HeLa cell extracts were analyzed by immunoblotting after transfection with siRNA.
(B) Paraformaldehyde-fixed HeLa cells were stained with anti-Sgo1 (green) and anti-tubulin (red) antibodies. Sgo1 appeared as punctate
signals from mitotic prophase to metaphase and disappeared during anaphase. DNA was stained with Hoechst 33342 (blue). The scale bar
represents 10 m.
(C and D) Cells were stained with anti-Sgo1 (green) and anti-CENP-A ([C], red) or anti-Aurora B ([D], red) antibodies. DNA was stained with
Hoechst 33342 (blue). Representative images of sister kinetochores are shown magnified in the right panel.
depleted cells, in contrast, sister chromatids in mitotic control prometaphase chromosomes, centromeric sig-
nals were largely reduced or lost in Sgo1-repressed pro-cellswereoften separatedalong thewhole chromosome
length (Figure 2Aiii). Even in cells in which sister chroma- metaphase chromosomes (Figures 2E and 2F), indicat-
ing that Sgo1 is required to protect centromeric cohesintids stayed in close proximity, the chromosomes had
lost the primary constriction (Figure 2Aiv). Nocodazole from dissociating during prometaphase. Formally, these
data do not exclude the possibility that Sgo1 is requiredtreatment caused the complete separation of sister
chromatids along thewhole chromosome length inmore for the initial localization of cohesin at centromeres.
However, because cohesin localization to chromatinthan 95% of Sgo1 RNAi cells (Figure 2B). These results
indicate that Sgo1 is required for persisting centromeric usually occurs prior to DNA replication [15, 16], whereas
Sgo1 localizes to centromeres only from prophase oncohesion in mitosis, consistent with the findings of Salic
and colleagues [10]. To examine whether Sgo1 has a (Figure 1A), we reason that human Sgo1 plays a role in
protecting centromeric cohesin from dissociation ratherrole in protecting against the dissociation of cohesin in
early mitosis, we next repressed Sgo1 in HeLa cells than loading it onto centromeres. During meiosis in
yeast, shugoshin proteins protect centromeric cohesinstably expressing myc-tagged Scc1 to analyze the be-
havior of Scc1 by immunostaining. Although Scc1 sig- from being cleaved by separase. Dissociation of human
cohesin from chromatin during early mitosis, however,nals were observed in the vicinity of centromeres in
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Figure 2. Sgo1 and Bub1 Are Required for Cohesion at Centromeres in Mitosis
(A) Chromosome spreads were prepared from mitotic HeLa cells treated with siRNA and stained with Giemsa. Representative spreads are
shown together with the frequency of occurrence. More than 100 prometaphases were counted for each RNAi. A representative example of
a sister chromatid pair is magnified at the top.
(B) Mitotic cells were incubated with nocodazole for 4 hr before being examined for chromosome spreads with Giemsa. Representative
spreads are shown with frequency (n  100).
(C) The nocodazole-treated cells were spun onto glass slides by cytospin centrifugation and stained with anti-centromere antibodies (ACA,
green) and Hoechst 33342 (purple).
(D) Average distances between paired ACA signals in control and Bub1 RNAi cells are shown (one dot represents the average distance of
chromosomes within 1 cell; in total, 290 chromosomes were evaluated in each 7 cells).
(E) HeLa cells expressing Scc1-myc were fixed 36 hr after treatment with siRNAs. The cells were immunostained with anti-myc (green) and
ACA (red). DNA was stained with DAPI (blue). Representative images of sister kinetochores are shown magnified in the top panel.
(F) The frequency of cells showing Scc1-myc staining is shown. Note that 25% of cells do not express Scc1-myc in this cell line. The scale
bar represents 10 m.
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Figure 3. The Localization of Sgo1 Depends
on Bub1
(A) Immunoblot showing the efficiency of
Bub1 and BubR1 RNAi. Note that the BubR1
immunoblot gives double bands, and the
lower band (asterisk) is a crossreaction.
(B and C) Mitotic cells treated with siRNA
were collected, spun onto glass slides by cy-
tospin, and stained with anti-Sgo1 (green)
and anti-Bub1 ([B], red) or BubR1 ([C], red).
DNA was counterstained with Hoechst 33342
(blue).
does not involve cleavage of cohesin by separase [17]. attributable to a loss of spindle checkpoint function [18–
21]. Studies in fission yeast suggest that Bub1 is in-In mitotic human cells, shugoshin therefore protects
cohesin from dissociation independent of separase. It volved in the centromeric protection of cohesin Rec8
at meiosis [19], presumably by promoting centromericis reasonable to assume that the meiosis-specific pro-
tection of centromeric cohesin originates from the basic localization of Sgo1 [2]. However, it is entirely unknown
whether Bub1 is involved in the regulation of sister chro-machinery of mitotic chromosome regulation, and it
therefore appears plausible that the underlying molecu- matid cohesion and shugoshin localization in other or-
ganisms. We therefore examined whether human Sgo1lar mechanism is identical. The different outcome could
be brought about by meiosis-specific modifications on localization is regulated by Bub1. Vertebrates have two
Bub1-like kinases, Bub1 and BubR1, and their roles dur-cohesin, by properties of different shugoshin proteins,
or by other meiosis-specific factors. ing mitosis are not identical [20, 22]. To investigate
whether the localization of humanSgo1 protein depends
on Bub1 or BubR1, we repressed their expression bySgo1 Requires Bub1 to Localize at Centromeres
in Mitosis RNAi (Figure 3A) and examined the centromeric localiza-
tion of Sgo1 in HeLa cells. Remarkably, we found thatBub1 is a spindle checkpoint protein whose absence
causes errors in chromosome segregationbeyond those Sgo1 was almost completely displaced from centro-
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meres in Bub1-repressed cells. In addition, and rather
peculiarly, we found that weak signals for Sgo1 could be
detected along the whole chromosome length in Bub1
RNAi cells, which was not observed in control cells (Fig-
ure 3B; Figure S2). In contrast, the centromeric localiza-
tion of Sgo1 was intact in BubR1 RNAi cells, and no
additional signal was observed on chromosome arms
(Figure 3C). We conclude that the centromeric localiza-
tion of human Sgo1 depends on Bub1 but not on the
related checkpoint kinaseBubR1. These results suggest
that the regulation of Sgo localization to centromeres is
conserved between yeast and humans. Moreover, these
findings raise the possibility that Bub1 is involved in the
regulation of sister chromatid cohesion in vertebrate
mitotic chromosomes.
Bub1 Plays a Crucial Role in Defining Sgo1
Localization and Thereby Cohesion Sites
on Mitotic Chromosomes
Because Sgo1 is displaced from centromeres in the
absence of Bub1, centromeric cohesion could be im-
paired by Bub1 RNAi. To explore this possibility, we
collected mitotic cells and examined the spread chro-
mosomes by Giemsa staining. Strikingly, a significant
proportion of Bub1 RNAi cells showed less resolution of
sister chromatids along the whole chromosome length
when comparedwith control cells (Figure 2Av). However,
when we looked at the well-resolved chromosomes, it
was obvious that the primary constriction at centro-
meres was frequently abrogated (Figure 2Avi). To further
confirm that centromeric cohesion is loosened in chro-
mosomes from Bub1 RNAi cells, we measured the dis-
tance between sister kinetochores. We performed mea-
surements in cells in which spindle formation had been
abrogated by treatment with nocodazole so that spindle
attachment and the resulting tension on centromeric
regions would not confound the analysis. We collected
mitotic cells after Bub1 RNAi and treated them with
nocodazole for 4 hr. During this exposure to nocodazole,
the number of prometaphase cells remained equally
high in Bub1 RNAi cells compared with control cells
(data not shown), confirming that the spindle checkpoint
persisted inBub1RNAi cells at least during this relatively
short exposure to nocodazole, as reported previously
[20]. We stained kinetochores of spread chromosomes
with anti-centromere antibodies (ACA) and measured
the distance of each pair of ACA signals. We found a
significant increase (30%) in the distance in Bub1-
RNAi cells (Figures 2C and 2D), indicating that the tight
cohesion at centromeres is indeed impaired by repress-
ing Bub1.
The foregoing results also suggested that, although
centromeric cohesion is loosened, arm cohesion ismore
robust in Bub1 RNAi cells. To investigate arm cohesion
more thoroughly, we examined chromosomes preparedFigure 4. Defective Chromosome Congression in Sgo1 or Bub1 Re-
from nocodazole-treated mitotic cells by Giemsa stain-pressed Cells
ing. Remarkably, nocodazole treatment did not promote(A) HeLa cells were treated with control, Sgo1, Bub1, BubR1, and
Mad2 siRNAs and the indicated combinations. Forty-eight hours
after treatment, Hoechst 33342was added to themedium to observe
DNA in living cells, and the number of cells in each phase was
determined. metaphase cells are shown. The scale bar represents 10 m.
(B) Cells were fixed 48 hr after RNAi treatment and stained with anti- (C) Schematic model of Sgo1 and Bub1 action on the Plk1-depen-
tubulin (red) and Hoechst 33342 (blue). Representative prometa- or dent dissociation of cohesin in pro- and prometaphase.
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the separation of sister chromatids along chromosome defects in spindle integrity, as suggested previously
[10], we think that checkpoint activation caused by thearms in Bub1 RNAi cells, although loss of the primary
constriction at centromeres was obvious in most chro- loss of sister chromatid cohesion is the primary reason
for prometaphase arrest in Sgo1 RNAi cells. Consistentmosomes (Figure 2B). Consistent with these observa-
tions, the dissociation of Scc1 from the chromosome with this idea, the mitotic arrest caused by Sgo1-repres-
sion was largely suppressed by removing the spindlearms was substantially perturbed in Bub1 RNAi cells
(Figures 2E and 2F). Because we had observed that checkpoint proteins BubR1 or Mad2 (Figure 4A). Re-
markably, the repression of Bub1 did not alleviate thea significant amount of Sgo1 relocates to the whole
chromosome length in Bub1 RNAi cells (Figure 3B; Fig- cell cycle arrest provoked by Sgo1 RNAi but rather in-
creased the population of cells in prometaphase, sup-ure S2), these results suggested the possibility that the
“ectopic arm cohesion” observed in prometaphase porting the notion that Bub1 is indeed required for the
proper function of Sgo1 but not or less required forBub1 RNAi cells is caused by the displacement of Sgo1.
Alternatively, Bub1might play amore direct role in facili- spindle checkpoint activity provokedby the lossof sister
chromatid cohesion, in contrast to the functions of BubR1tating Scc1 dissociation from the arm regions indepen-
dently of Sgo1. To discriminate between these two pos- or Mad2. Interestingly, chromosome congression and en-
try into anaphase was less impaired in Bub1 RNAi cellssibilities, we repressedSgo1 in addition toBub1 byRNAi
and examined the behavior of mitotic chromosomes. than in Sgo1 single or Sgo1 Bub1 double RNAi cells
(Figures 4A and 4B). We reasoned that chromosomeStrikingly, sister chromatid cohesion was entirely abol-
congression in Bub1-repressed cells can be achieved,ished along the whole chromosome length in Bub1 Sgo1
albeit not perfectly, depending on cohesion along chro-double RNAi cells, similar to Sgo1 single RNAi cells
mosome arms instead of tight cohesion at centromeres.(Figures 2Avii and 2Aviii). We therefore conclude that arm
We suggest, however, that centromeric cohesion playscohesion in Bub1-repressed cells is protected by the
a unique role in the faithful biorientation of chromo-ectopically localized Sgo1 along chromosome arms,
somes and silencing of the checkpoint because thewhich hinders the normal pathway dissociating cohesin
presence of arm cohesion alone in Bub1RNAi cells doesfrom chromosome arms during pro- and prometaphase.
not allow entirely normal progression through mitosisThese findings also reveal that the ability of Sgo1 to
(Figure 4A).protect against cohesin dissociation does not require
It has been recognized that Bub1, a spindle check-the centromeric environment, further stressing a direct
point proteinwidely conserved in eukaryotes, is requiredrole for Sgo1 in the protection of cohesin.
for the congression of mitotic chromosomes beyond aWe noticed that the structure ofmitotic chromosomes
role in the spindle checkpoint [18–21]. However, theand the behavior of Scc1 in Bub1 RNAi cells are similar
underlying mechanism remained mysterious. Our datato those in cells repressed for Plk1 [8, 9], raising the
reveal that Bub1 has a crucial role in controlling Sgo1possibility that Bub1 and Plk1 regulate Scc1 localization
localization during mitosis and thereby affects sisterin a similar way. To address this issue, we repressed
chromatid cohesion in human cells. The regulation ofPlk1 in HeLa cells and examined Sgo1 localization in
Sgo1 localization by Bub1 could be direct or indirect;spreads of mitotic chromosomes. In contrast to Bub1
however, it is likely not through the spindle checkpointRNAi, the centromeric localization of Sgo1 was intact
because in the absence of BubR1, the localization ofin Plk1 RNAi cells, and no ectopic localization of Sgo1
Sgo1 is normal. We found that repression of Bub1 into the arm regions was detected (Figure 3B). We con-
human cells relocates Sgo1 from centromeres to chro-clude that Plk1 promotes the prophase dissociation of
mosome arms,which results in loosening of centromericcohesin without affecting Sgo1 localization. Recent
cohesion while cohesion along arms becomes persis-studies have shown that the Plk1-dependent phosphor-
tent. Studies in fission yeast have suggested that tightylation of cohesin facilitates its dissociation from chro-
centromeric cohesion has a role in promoting faithfulmatin (J.M. Peters, personal communication). Taken to-
chromosome segregation, and arm cohesion alone can-gether, these results promote the model that Sgo1 has
not compensate it [13, 14]. We therefore reason that thethe potential to protect cohesin from the “cohesin re-
decrease of centromeric cohesin in cells devoid of Bub1mover” Plk1 and that Bub1 is responsible for the proper
might cause problems in the faithful biorientation ofdistribution of the “protector” Sgo1 to centromeres (Fig-
chromosomes, which could be the crucial, if not sole,ure 4C).
cause for the chromosome congression defect that is
observed in the absence of Bub1.
In summary, our study establishes human Sgo1 asA Model of the Bub1-Dependent Regulation
a protector of centromeric cohesin from dissociationof Sister Chromatid Cohesion
during early mitosis and reveals a hitherto concealedand Chromosome Congression
role of human Bub1 in controlling sister chromatid cohe-Sgo1-repressed cells accumulate inmitosis with prema-
sion through Sgo1. These findings provide an importantture separation of sister chromatids and misalignment
basis for understanding the regulation of sister chroma-of chromosomes (Figures 4A and 4B) [10]. It has also
tid cohesion and the spindle checkpoint, and their inter-been reported that Scc1-defective cells show chromo-
play in eukaryotic chromosomes.some misalignment and a mitotic arrest, probably be-
cause the loss of cohesion causes a failure in the biorien-
Supplemental Data
tation of chromosomes so that the spindle checkpoint Detailed Experimental Procedures and two supplemental figures
cannot be satisfied [23, 24]. Although we do not exclude are available at http://www.current-biology.com/cgi/content/full/
15/4/353/DC1/.the possibility that Sgo1 RNAi might cause additional
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